A dual-cathode arc plasma source was combined with a computer-controlled bias amplifier such as to synchronize substrate bias with the pulsed production of plasma. In this way, bias can be applied in a material-selective way. The principle has been applied to the synthesis metal-doped diamond-like carbon films, where the bias was applied and adjusted when the carbon plasma was condensing, and the substrate was at ground when the metal was incorporated. In doing so, excessive sputtering by too-energetic metal ions can be avoided while the sp 3 /sp 2 ratio can be adjusted. It is shown that the resistivity of the film can be tuned by this species-selective bias. The principle can be extended to multiple-material plasma sources and complex materials.
I. INTRODUCTION: BIAS EFFECTS ON COATINGS
Substrate bias is a well-known powerful tool to control the energy of ions in plasma-based thin film growth. A space charge sheath forms between the substrate surface and the plasma bulk. Typically, the substrate bias is negative such that positive ions are extracted from the sheath-plasma edge and accelerated before they impact the substrate surface 1 . Provided the sheath is much thinner than the mean free path between collisions, which is often the case, ions gain the kinetic energy kin sheath
when traveling through the sheath; here Q is the ion charge state number, e is the elementary charge, and sheath V ∆ is the voltage drop between plasma sheath edge and the substrate surface. 1 By controlling the energy of ions, film properties such as density and stress are affected and can be tuned and optimized for the desired application. 2 In the case of crystalline films, preferred orientation and texture can be influenced, too. 3 Of particular interests to some coating processes are highly ionized plasmas because bias techniques are very effective: bias acts only on ions but not on the neutral atoms. Examples of highly ionized plasmas are cathodic arc 1 and HIPIMS (high power impulse magnetron sputtering) plasmas. 4, 5 In the literature, various forms of bias are known such as direct current (DC) bias, pulsed DC bias, radio frequency (RF) bias, etc. The bias acts on all ion species that enter the sheath from the plasma sheath edge. This, however, can be undesirable when ions of very different masses are involved: their sputter yields are very different, even when their final energy at arrival on the substrate surface is the same. The issue can be aggravated when the heavier ion has a higher charge state. In this case, the energy is enhanced
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proportional to the charge state, cf. Equ. (1) , and therefore the sputter yield is much higher by the combination of greater mass and higher energy. An excessive sputter yield can be detrimental to making the desired coating composed of light and heavy atoms.
Therefore, it is desirable to tune the bias in such a way as to adjust the value according to the species that are arriving. In this contribution, we will give further motivation why such species-selective bias is desirable by considering metal-doped carbon coatings, and we introduce a variation of a multiple-cathode coating system that allowed us to realize species-selective bias.
II. DUAL CATHODIC ARC SYSTEM WITH SPECIES-SELECTIVE BIAS
Let us consider the example of the synthesis of metal-doped tetrahedral amorphous carbon films. Such films, usually designated as ta-C:Me, can be made by filtered cathodic arc deposition. It is well established that the carbon ions should have an energy of about 100-120 eV in order to produce a material rich in the tetrahedral (diamond) or sp 3 bonding. [6] [7] [8] [9] Since the "natural" kinetic energy of carbon ions is only about 20 eV, 10 negative bias of typically about 100 V is applied to produce the most diamond-like material. If metal ions are produced by a cathodic arc, their most likely charge state is typically 2 or 3 ( Table 1) and their most likely "natural" energy usually exceeds 50 eV (Table 1) . If the bias acts on the metal ions, their total kinetic energy can easily approach the range 300-500 eV, which is known to cause severe sputtering.
Moreover, the energetic impact will promote relaxation of sp 3 bonds to sp 2 bonds, thereby reducing the "diamondlikeness" of the material.
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To address the issue of excessive metal ion energy while having optimized carbon energy, a filtered dual-cathode cathodic arc system was developed that has speciesselective bias. On cathode was carbon, the other metal, and both were placed in close vicinity inside a common anode body (Fig. 1 ). The source is designed for pulsed operation, similar to our single-cathode "miniguns".
11
Compared to the original miniguns, improved cooling allowed us to operate the dual-cathode source with pulses up to about 2 kA with duration of typically 1 ms, at a repetition rate of up to 10 pulses per second. The improved duty cycle is still low (1% or less) and the average current and power are about 10 A and 200 W, respectively. The arc pulses were initiated simply by applying the open-circuit voltage (typically 600 V) to the selected cathode; a hot spot developed at the edge to the insulator that separates the powered cathode from the anode body. Since no trigger electrode is required, we named this "triggerless" triggering.
12
The dual-cathode plasma source was used to inject streaming cathodic arc plasma into a plasma filter, such as the open 90° filter, 13 to remove unwanted macroparticles.
Because the injection points of plasma from the two cathodes are slightly different, the plasmas paths inside the filter and at the filter are not exactly the same. If deposition was made close to the exit of the filter, and the substrate was not moved, one would get two center regions of coatings that are offset with respect to each other, each center corresponding to one cathode material. This offset could be either utilized, if a combinatorial approach to materials research is desired, or one could minimize it by using large distances from the filter exit (more than 10 cm) and substrate motion.
The key feature of this dual-cathode pulsed source is that the plasma generation can be selectively synchronized with the substrate bias. Specifically, bias pulses can be
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applied when carbon ions arrive at the substrate, such as to optimize the sp 3 content of film, and reduced or omitted when metal plasma arrives at the substrate.
III. EXPERIMENTS FOR ta-C:Mo FILMS
In our setup, the initiation of arc pulses at a specific arc cathode and the timing of bias pulses were synchronized via a National Instruments ® virtual instrument with LabView ® software (Fig. 2) . This allowed us to write "recipes" for the film composition and structure in which the number of arc pulses, their sequence, and the amplitude of bias can be freely adjusted. In particular, the system allowed us to produce ta-C:Mo where the carbon ions "saw" bias whereas the molybdenum ions arrived at an unbiased (grounded) substrate. In this sense, "species-selective" biasing has been realized. /sp 2 ratio and thereby adjust the related optical and electrical properties, specially the resistivity, while keeping the metal content at a constant level. The every 21 st pulse was a metal pulse, and the metal was deposited with the substrate at ground. This is an example for the flexibility of the deposition approach using species-selective bias.
Film synthesis using two filtered pulsed arc sources of the "minigun" style has been demonstrated previously. A diamond-like carbon (DLC) / TiC multilayers as well as monolithic Si x Al y O (mullite) were deposited using Ti and C, and Si and Al cathodes, respectively. 14 Each of the two sources had its own filter, aiming the filtered plasma streams to a common substrate location. The same system was used to produce WC x with various metal concentrations.
15
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6 A dual-cathode arc source, similar to the one presented here but with a trigger electrode placed at the center of each cathode, was employed by Davies and coworkers. 16 They used their system to produce Ti 1-x V x N with controlled composition, finding that x = 0.23 produces the highest indentation hardness and hence the highest yield stress.
Although these approaches to materials synthesis are similar, the various ion species
where not accelerated in a bias-selective manner.
VI. GENERALIZATION
A. Ion etching and implantation versus deposition
In principle, the approach can also be used to use alternate phases of deposition of one species (relatively low bias) and etching / subplantation / implantation of another species (at relatively high bias). This hybrid principle was first proposed by Brown and coworkers using a single-material cathodic arc plasma source. 17, 18 Using a dual-cathode source, the possibilities of metal plasma immersion ion implantation and deposition (MePIIID 1 ) are extended by choosing arbitrary combinations ("recipes") of materials and energy by selectively energizing the arc plasma pulses in desired phases with bias pulses.
B. Multiple material plasma sources
It is straightforward to increase the number of cathodes to three or four, thereby increasing the versatility and possibilities even further. As already indicated, the background gas can be yet another source of material: the cathodic arc plasma sources can be used in reactive mode, producing compound films but utilizing the presence of reactive gases in the chamber (oxygen for oxides, 19 nitrogen for nitrides, 16 etc. The cathodes of the multiple-cathode plasma source are usually operated sequentially, to synthesize films with mixed material content or to deposit multilayers, as determined by the recipe of the process. However, we have also demonstrated simultaneous cathode operation using either a single power supply with a low-ohm distributing circuit, or by using two individual power supplies, each dedicated to a single cathode. Such simultaneous operation may be beneficial when the components need to react with each other rather than with the residual gas of the background vacuum.
V. SUMMARY
In summary, a compact pulsed cathodic arc plasma source has been developed with two "triggerless" cathodes in a common anode body, allowing materials-selective bias by synchronizing the bias amplitude with the presence of the plasma of a specified material. The principle has been illustrated using carbon and molybdenum as the two cathode materials. In the example, the bias voltage has been systematically adjusted for carbon only such as to obtain a certain electrical resistivity of the growing film, while the
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8 metal deposition was not affect. The approach using arc plasma sources with multiple cathodes and selective application of bias opens the possibilities of making a great variety of films and multilayers of mixed and complex composition. The substrate was at ground when molybdenum plasma arrived. The molybdenum to carbon arc pulse ratio was kept constant at 1:20.
Figure Captions
LBNL-61733 15 Table 1 Average ion charge state, Q , particle charge state fractions, and the most likely "natural" kinetic energy of ions of cathodic arc plasmas. The selection was made for some of the relevant elements; comprehensive data an be found in the literature, e.g. 10, 24 . 
